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Abstract. The mixing of atomic and macroscopic processes taking place in non-terrestrial objects
creates complex, dynamic, and intriguing environments, High-resolution x-ray spectra from these
sources measured by satellites such as Chandra, XMM-Newton, and the Solar Maximum Mission
provide a means for understanding the physics governing these sources. Laboratory measurements
of the atomic processes have proved crucial to the interpretation of these spectra. For example, us-
ing the LLNL electron beam ion traps EBIT-1 & EBIT-1I a detailed study of the x-ray spectrum of
Fe xviI has been conducted addressing the large ratio predicted by theory compared to observa-
tions of considerably smaller values of the relative intensity of the 2p-3d 'P; resonant to the 2Dy
intercombination line. The difference was often attributed to opacity effects. However, laboratory
measurements in the optically thin limit agree with observations demonstrating that the prediction
is too large and opacity need not be invoked. The laboratory results thus provide a benchmark in the
optically thin limit for accurate estimates of opacity effects . To uncover the source of the discrep-
ancy between theory and observation, we have performed a series of experiments that successively
uncovered more details about the Fe xVviI lines produced in coronal plasmas. Most recently, we
used a 32 channel array microcalorimeter from the Astro-E x-ray satellite program to measure the
excitation cross section of various Fe XVII lines in the laboratory. These measurements resolve
long-standing issues thought to be associated with non-equilibrium processes.

We have also used the Astro-E microcalorimeter, and more recently its upgrade from the Astro-
E2 project, and the magnetic trapping mode of EBIT-I to accurately measure X-ray emission from
charge exchange recombination and to simulate the x-ray line production process in comets. Using
only the laboratory measurements, we fit the moderate resolution x-ray spectrum from the comet
C/Linear1999 observed by the ACIS-S CCD instrument on the Chandra X-ray Observatory . The
good fit to the data shows that we are able to recreate in the laboratory the charge exchange
process taking place in comets. With the launch of the Astro-E2 satellite in 2005, whose second
generation XRS microcalorimeter array has an energy resolution of 6-7 eV, a factor of 20-30
better than Chandra’s ACIS-S CCD, high resolution spectra of comets should become available.
These measurements coupled with the laboratory measurements at LLNL using the sister Astro-E2
calorimeter array, will make it possible to accurately diagnose the composition of the solar wind at
various locations in the solar system.



INTRODUCTION

In anticipation of the launch of the Chandra X-ray Observatory, the XMM-Newton Ob-
servatory, and the Astro-E Observatory, the early 1990s saw the beginning of the labo-
ratory astrophysics program at the Lawrence Livermore National Laboratory’s electron
beam ion trap facility. This facility is perfectly suited for laboratory astrophysics, and
comprehensive studies of its operational characteristics can be found elsewhere [1]. Of
particular interest to the high energy astrophysics community was the study of the x-ray
emission falling in the 6-25 A wavelength band. This band contains the x-ray emis-
sion from hydrogen-like and helium-like oxygen, neon, magnesium, silicon, and sulfur,
and the hundreds of emission lines from L-shell transitions in Fe Xvi—-Fe xxV. Reli-
able, accurate knowledge of the atomic physics governing this x-ray radiation provides
a means for inferring the macroscopic physical parameters of dynamic solar and extra-
solar sources.

Two intriguing sources of x-ray radiation in this band are stellar coronae and comets.
Stellar coronae, in particular the Solar corona, have been studied for several decades;
however, our understanding of their x-ray emission is still being challenged. For ex-
ample, the atomic processes governing some of the strongest x-ray lines from Fe xvit
are not yet understood [2, 3]. Equally challenging is understanding the processes re-
sponsible for cometary x-ray emission. Discovered in 1996 with the observations by
the ROSAT x-ray observatory [4], x-ray emission from comets is thought to result from
charge exchange recombination and may be an excellent diagnostic of the solar wind
throughout the solar system. The full diagnostic potential of this x-ray emission has not
been realized. The addition of the NASA/Goddard Space Flight Center calorimeter to
the LLNL EBITSs’ suite of crystal, grating, and solid state spectrometers has opened new
measurement space for confronting these problems.

CALORIMETERS FOR ATOMIC PHYSICS AND LABORATORY
ASTROPHYSICS

Using calorimeters as x-ray detectors began at NASA’s Goddard Space Flight Center
when Moseley et al. [5] found that thermal detectors, operated under the right condi-
tions, could achieve spectral resolution much better than standard ionizing type solid
state detectors and proportional counters. Many years of research and development cul-
minated with the flight calorimeters on Astro-E and Astro-E2, each known as the XRS.
During the development of Astro-E and Astro-E2, both engineering model detectors and
flight spare detectors were fabricated. These spare detectors have since been incorpo-
rated into laboratory systems and used at the LLNL EBIT facilities for investigating
atomic processes in highly-charged ions [6, 7].

The main components of a calorimeter used as a high-resolution x-ray spectrome-
ter are the absorber for stopping the x-ray, a temperature-sensitive resistor, known as a
thermistor, for measuring the absorber’s change in temperature, and a heat sink (o re-
turn the system to thermal equilibrium. The temperature rise is given approximately by
AT ~ E/C where E is the energy of the incident photon and C is the heat capacity of
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FIGURE 1. Comparison of the first generation NASA/GSFC calorimeter for laboratory astrophysics
to the second generation. First-light measurements show the second generation GSFC calorimeter (right)
having a resolution of 6.5 €V at 6.7 keV compared to 11.5 eV for the first generation (left). Note the
spectrum on the left is the sum of 32 channels while spectrum on the right is the sum of 14 active channels.
The helium-like Fe XXV lines w, X, y, and z, and XXIV satellite lines q and r are labelled.

the absorber. Employing absorbers and thermistor material with very low heat capacity
makes it possible to create a measurable change in temperature. For XRS type detectors,
at an operating temperature of 60 mK the heat capacity is on the order of ~ 107137 /K,
so a 6 keV photon causes a temperature rise of a few millikelvin. The energy resolution
of calorimeter using a thermistor is proportional to \/kT2C/|a|, where k is Boltzmann’s
constant, T is the temperature of the detector, C is the heat capacity, and o is the logarith-
mic sensitivity, defined by oo = dlogR/dlogT (see Stahle et al. 1999 [8] and Moseley et
al. 1984 [5] for more complete descriptions). Fundamentally, the resolution is limited by
the the Johnson noise and phonon noise which causes a random transfer of energy across
the thermal link between the heat sink and the thermistor. Internal-fluctuation noise, 1/f
noise, and other non-ideal effects play significant roles in increasing the energy reso-
lution. At this time the best resolution achieved by a calorimeter using a thermistor is
approximately 4 eV [6].

Calorimeters have been used at two laboratories for atomic physics and laboratory
astrophysics studies. The longest running of its kind 1s the NASA/Goddard Space Flight
Center calorimeter in use at the University of California Lawrence Livermore National
Laboratory EBIT facility. The NASA/GFSC microcalorimeter (32 channel) array came
online at LLNL in 2000 [7] and has been operating at the LLNL EBIT facility in con-
tinuous fashion except for several upgrades as noted below. At LLNL it has replaced
in many applications standard pulse-height x-ray detectors based on intrinsic germa-
nium and thus has become on integral part of EBIT operations. The NASA/GSFC sys-
tem was developed as part of the XRS launched on the Astro-E x-ray observatory and
thus includes a set of flight-qualified electronics giving it the ability to measure time re-
solved spectra, a basic property necessary for accurate measurements. The NASA/GSFC
system replaced a single-channel microcalorimeter that was originally operating on the
LLNL EBIT-1I electron beam ion trap and had no time resolution [9]. The single-channel
microcalorimeter was implemented at the EBIT facility at the National Institute of Stan-
dards and Technology (NIST) in 1999 [10] for a several week period studying the L-
shell emission of iron and krypton [11, 12]. Since then upgraded instruments, including



TABLE 1. Operating parameters of the NASA/GSFC
calorimeter currently operating at the LLNL EBIT-I facility.

NASA/GSFC-LLNL

Pixel size (mm?) 0.624 x 0.624
No. of active Pixels 32

Time resolved Spectroscopy Yes
Maximum refrigeration time (hours) >14
Operational Bandwidth (keV) 0.1-10
Resolution (eV) at 6.7 keV 6-7

a four-pixel array [13] have been repeatedly discussed [14], but have not produced data.

Beginning in 2001, the NASA/GSFC calorimeter system at LLNL has undergone
several upgrades. The (wo most significant are an increase in the refrigeration time (o
greater than 14 hours and an improvement in the energy resolution from 11.5 to 67 eV
at 6.7 keV. The increase in the refrigeration time resulted from the installation of a new
salt pill in the adiabatic demagnetization refrigerator used to cool the detector to 60 mK.
The improved resolution is a result of improvements in design and fabrication methods
[15]. The new detector was built as part of the Astro-E2 XRS flight calorimeter rebuild
program®. For this program, four 6 % 6 arrays were built: the flight detector, two flight
spares, and the laboratory array now at LLNL.

Figure 1 shows spectra of the x-ray emission from the helium-like Fe XxXv complex
including satellites from Fe XX1v and XXI1II recorded at Livermore with the first and
second generation calorimeter spectrometers built by NASA/GSFC. The spectrum mea-
sured with the Astro-E2 type array is the sum of only 14 pixels because at this time the
full set of engineering model electronics used to read out all 32 channels is being used
for integration and testing of the Astro-E2 flight array, and two of the pixels are affixed
with relatively thick bismuth absorbers for detecting high-energy x rays and gamma
rays. Table 1 shows a summary of the characteristics of the new array.

SIMULATING STELLAR SPECTRA IN THE LABORATORY

X-ray emission from Fe XVII has a distinct spectral signature and has been observed in
the the Sun, other stellar coronae such as Capella, and a plethora of other extra-solar
sources. Recent spectra of Fe Xv1I provided by the high-resolution grating instruments
on Chandra and XMM-Newton are of the highest quality ever produced. Theoretical
studies conducted in the coronal limit over the past few decades, however, have been
unable to consistently reproduce observations. For example, calculations of the relative
intensity of the 1s*2s*2p? 123432 1P| — 15225%2p® 1Sy resonance and 15*25?2p; 13ds)>

! During the launch of Astro-E, one of the attitude control mechanisms of the M-V rocket was damaged
and the satellite did not make orbit. Astro-EZ2 is a new satellite carrying the same instrument payload to be
launched in February of 2005.
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FIGURE 2. Comparing ratios measured at the LLNL EBIT-II, the PLT tokamak, and various astro-
physical observations and theoretical calculations. The non-terrestrial measurements are from active and
flaring active regions of the Sun with the exception of the first value from the right, which is from Capella
[19].

3D; — 1522522p° 18y intercombination lines at 15.01 and 15.26 A, known as 3C and
3D, respectively, predict values between 2.8 and nearly 5, while satellite observations
range from 1.8 to 2.8. Figure 2 shows a comparison of calculated ratios, ratios observed
from astrophysical sources, and those measured in the laboratory.

The discrepancy between theory and observation has been attributed to opacity effects
on the resonance line 3C; however, the results of the EBIT-II measurement at single
electron beam energies where the only excitation processes are direct excitation and
radiative cascades showed that in many cases no scattering is necessary to account for
the observed ratio, and, if scattering did occur, it was likely (0 be overestimated [16].
Measurements of this ratio were also conducted at the PLT tokamak [17]. For these
measurements, the integrated x-ray emission from the full line of sight across the plasma
is recorded. Thus, emission from sections of the plasma with different temperatures and
different charge balances are sampled. This is in contrast to the LLNL EBIT result where
only Fe xviI exists. Also, PLT plasmas have relatively low densities, so opacity effects
are negligible for the Fe XVII line emission. The PLT ratios of I3¢/13p ranged from 2.05
to 3.33 with an average of 2.48 £ 0.40 (see figure 2). Because the temperatures and
densities of the PLT plasma are similar (o solar active regions combined with the fact
that these low values agree better with the values measured in the Sun demonstrates that
the low ratios are attainable without invoking opacity effects. Some process other than
opacity must also account for the low ratio.

Measurements of this ratio with different relative abundances of Fe XvI to Fe XVII
completed at the LLNL EBIT facility [18] found coincidence between an Fe XVI in-
nershell satellite line and line 3D. Figure 2 gives the ratio of Iz¢/Isp = 1.90 £ 0.11 for
a relative ion abundance of Fexvi/Fexvii=1 and 2.63 =+ 0.15 for Fexvi/Fexvii=0.15.
The results from these measurements demonstrate that low ratios measured in the solar
corona and Capella can be fully explained by line blending at temperatures consistent
with those found in active regions of the Sun.

Significant discrepancy has been found between the calculated and observed intensity
of the combined flux of the 2p — 3s lines known as 3F, 3G, and M2, located around
17 A relative to the resonance line 3C [19, 20, 21, 22]. In pursuit of the source of this
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FIGURE 3. (a) Comparison of PLT tokamak Iri3c+m2/l3c ratios with those from solar and astro-
physical measurements. Each cross represents an individual measurement from the given source. (b)
Comparison of tokamak I3p36.+am2/l3c with those from electron beam ion traps and the Astrophysical
Plasma Emission Code (APEC) [23].

discrepancy, this ratio has been measured in several laboratories. Figure 3 (a) compares
DIy 36 m2 /e measured at the PLT tokamak with those observed from several astro-
physical sources. This ratio was also measured at the LLNL EBIT-1 with several instru-
ments including a grating spectrometer, a flat-crystal spectrometer, and the NASA/GSFC
calorimeter [2]. These measurements also agree with the observations and the tokamaks.
Because the LLNL EBIT measurements were done at single electron beam energies be-
tween 830 and 1300 eV, i.e., under conditions where the only excitation processes avail-
able are collisional excitation, radiative cascades, and resonance excitation while in the
case of the tokamaks, processes involving other other ions, such as recombination of Fe
XVvIII ions and innershell ionization of Fe XVI, can also be present, the agreement leads
us to the conclusion that only collisional processes affect Lr 3¢+m2 /¢ [23]. Included
in figure 3 is the value calculated by the Atomic Plasma Emission Code (APEC) [24]
often used by the astrophysics community. This value is also discrepant with measure-
ments, demonstrating the need for more reliable data for interpreting spectra from astro-
physical sources. One measurement, done at the NIST EBIT using the single -channel
calorimeter does not agree with any of the observations nor any of the other laboratory
measurements.

The fact that both the ratios discussed above have the line 3C in common suggests
that the discrepancy with theory may lie in the calculation of the 3C line strength.
Waljeski et al. [25] found similar discrepancies with intensity ratios involving 3C, but
assumed the source of the problems was in the Solar corona and not in the spectral
model. Beiersdorfer et al. [23], in contrast, hypothesize that the problem in the atomic
data. To test this hypothesis, we measured the emission cross section of the lines 3C and
3D using the NASA/GSFC microcalorimeter and the LLNL EBIT-1.

Measurements of the cross sections of Fe XVII line emission were carried out using
the same technique as described by Chen et al. [26], i.e, the NASA/GSFC calorimeter
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FIGURE 4. Spectrum of Fe Xxv1I measured by the NASA/GSFC 6 x 6 microcalorimeter array, i.e., the
XRS. The insert shows a blowup of the energy range containing the photons from radiative recombination.
The peaks labelled 3s, 3p, and 3d represent the recombination into different fine structure components of
Fe xXVv1. This spectrum is not corrected for filter transmittance nor for polarization effects, although they
are accounted for in the results.

was used to simultaneously measure photon emission from direct impact excitation and
radiative recombination (see figure 4). By normalizing the direct excitation line emission
to the well known cross sections for radiative recombination [27], the absolute emission
cross section is obtained. Because the energy of an RR photon is the sum of the beam
energy and the ionization energy of the recombined state, the energy of the electron
beam is well determined and is 964 ¢V with a full width at half maximum of ~ 20 eV.
Because the photon emission from RR onto Fe XVII is weak, and separated from direct
excitation by ~ 600 €V, its measurement requires a spectrometer that is able to integrate
with a stable gain for several hours, has a large bandwidth, and has a resolution that is
significantly lower than the energy width of the electron beam. Our calorimeter is the
only instrument comprising all of these qualities.

Our results show that the distorted wave result by Zhang & Sampson [29] accurately
predicts the cross section for the intercombination line 3D, but overestimate the cross
section for the resonant line 3C. The calculations by Chen et al. [30] fortuitously predict
the correct ratio Iz3p /L3¢, but do poorly for both individual cross sections as shown in
figure 5. Using our measured cross section for line 3C instead of the calculated value
makes it possible to reproduce both Iip/Izc and Isp 3612/ I3c, uncovering the source
of two problems found in spectral modeling of Fe xvit X-ray emission [28].

SIMULATING COMETARY X-RAY EMISSION IN THE
LABORATORY

X-ray observations of comets have gained a surprising maturity beginning with the first
observations of x-ray emission from comet Hyakutake with ROSAT [4]. Currently, a
total of 15 comets have been observed in the x-ray band including every comet with an
apparent magnitude above 12 and within 2 AU of the Sun. Thus, it is now clear that x-ray
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FIGURE 6. Comparison of X-ray emission following the charge exchange reaction Ne!%* + Ne —
Ne?" + Ne' at the LLNL EBIT-II between a windowless high-purity Ge detector and the first gener-
ation NASA/GSFC calorimeter for laboratory astrophysics. Notice the drastic improvement in energy
resolution.

emission is an ubiquitous feature of comets. The most likely source of this emission is
charge exchange recombination of solar wind ions and cometary neutrals. However, the
diagnostic utility of this emission has yet to be fully realized.

We have used both low resolution germanium detectors and a spare XRS1 detector
system and LLNL’s EBITs to measure the charge exchange x-ray emission from highly
charged C, N, O, and Ne onto neutral Ne, and molecules such as CO, and CHy [31, 32].
These measurements were conducted using the magnetic trapping mode of the LLNL
EBIT. In this mode, the electron beam is turned off after the production of the highly
charged ions. In the absence of an electron beam, the ions are confined by the 3-T
magnetic field and the potential applied to the outer electrodes of the cylindrical trap
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FIGURE 7. X-ray intensity versus photon energy. Crosses denote the measurement of the soft x-ray
spectrum of comet C/Linear S4 obtained by Chandra. The solid line indicates the best fit using the charge
exchange-induced x-ray emission from hydrogenic C°>*, N®, and O”*, and helium-like C**, N°>*, and
0% after interacting with CO, measured with the NASA/GSFC microcalorimeter at the LLNL EBIT-11
[32].

[33]. With the electron beam off, the region of the trap that emits x-rays is no longer
narrow enough to act as a slit for crystal or grating spectrometers, thus for reasonable
collection rates, a non-dispersive spectrometer with a relatively high collecting area must
be used. Also, to glean the most out of the measured spectrum, a relatively high resolving
power is necessary. The NASA/GSFC calorimeter is thus perfectly suited for these
measurements. Figure 6 demonsirates the drastic improvement made when measuring
charge exchange with the NASA/GSFC calorimeter compared to a germanium detector.

The results of these measurements have shown that the charge exchange spectral
signature is sensitive to the interaction energy between ions and neutrals. For example,
figure 6 shows a large intensity for the 6p — 1s and 5p — 1s transition in Ne X. This
1s a result of the exchanging electron being captured into a high Rydberg state with
a low angular momentum and is an indication of a low relative velocity between the
highly charged ion and the neutral. Because the captured electron has a low angular
momentum, it is allowed to decay almost directly to the ground state as opposed to
continuing to the ground state in steps of An = —1. This demonstrates that x-ray spectra
can be used to diagnose not only ionization balance and the composition of a plasma,
but also the relative speed of the plasma components. We used the K-shell emission of
hydrogen-like and helium-like ions resulting from charge exchange to model the the soft
x-ray spectrum of comet C/Linear1999 S4 observed by Chandra [32] (see figure 7). The
results of this fit indicate a relative ion species in between a fast and a slow solar wind.
The quality of the fit indicates that charge exchange recombination alone is sufficient
to account for all of the cometary emission as observed by Chandra and demonstrate
a useful tool to diagnose the composition of the solar wind and cometary comae. In
addition, deriving ion abundances from cometary x-ray spectra allows the solar wind to



be spatially sampled as the comet moves through different parts of the solar system.

In summary, the laboratory astrophysics work using the GSFC XRS microcalorimeter
and the LLNL EBIT-I has provided accurate, complete data sets for interpreting astro-
physical data. With the launch of Astro-E2, LLNL will be in the unique position of hav-
ing a near exact copy of an operational flight instrument. This ability will be invaluable
to the astrophysics community during the lifetime of the mission.

Work at LLNL was completed under the auspices of the U.S. D.o.E by the University
of California Lawrence Livermore National Laboratory under contract W-7405-Eng-
48 and supported by NASA’s Astronomy and Physics Research and Analysis Program
under work order S-06553-G.

REFERENCES

Beiersdorfer, P., Astron. Astrophys. Review, 41 (2003).

Beiersdorfer, P. et al. Astrophys. J. Leit., 576, L169-172 (2002).

Brown, G. V., et al. Phys. Rev. A, 63, p. 032719 (2001).

Lisse, C. M., et al. Science, 274, 205-209 (1996).

Moseley, S. H., et al. J. Appl. Physics, 56, 1257 (1984).

Porter, F. S., et al. Rev. Sci. Instrum. (2004) submitted.

Porter, F. S., et al. SPIE 4140, p. 407 (2000).

Stahle, C. K., et al. Phys. Today, 47, 27-34 (1999).

Le Gros, M., et al. in Electron Beam Ion Trap Annual Report, U.C. LLNL Report UCRL-1D-124429,
p- 22 (1995).

10. Silver, E., et al. Nucl. Instrum. Meth. A, 444 (2000).

11. Laming, M., et al. Astrophys. J. Lett., 545, L161 (2000).

12. Kink, 1., et al. Phys. Rev. E, 63 (2001).

13. Mortonson, M. J., et al. American Astronomical Society Meeting, 203, (2003).
14. Gillaspy, J. D., et al., this meeting, (2004).

15. Stahle, C. K, et al. Nucl. Instrum. Meth. A (2004) in press.

16. Brown, G. V., et al. Astrophys. J., 502, 1015-1026 (1998).

17. Beiersdorfer, P., et al. Phys. Rev. A, 64, 032705 (2001).

18. Brown, G. V., et al. Astrophys. J. Lett., 557p. L75-L78 (2001).

19, Behar, E., ct al. Astrophys. J., 548, 966-975 (2001),

20. Raassen, A. ], et al. Astron. Astrophys. (2002), in press.

21. Xu, H., et al. Astrophys. J., 579, 600 (2002).

22. Stelzer, B., et al. Astron. Astrophys., 392, 585 (2002).

23. Beiersdorfer, P., et al. Astrophys. J. (2004), in press.

24, Smith, R. K., et al. Astrophys. J. Leit., 556, p. L91-1.95 (2001).

25. Waljeski, K., et al. Astrophys. J., 429, 909-923 (1994).

26. Chen, H., et al. Astrophys. J. Lett., 567, L169-L172 (2002).

27. Saloman, E., Hubell, J., and Scofield, J., At. Data Nucl. Data Tables, 38, 1 (1988).
28. Brown, G. V,, et al. Astrophys. J. in prep.

29. Zhang, H. L., & Sampson, D. H., At. Data Nucl. Data Tables, 43, 1-69 (1989).
30. Chen, G. X,,ct al. J. Phys. B, 36, 453477 (2003).

31. Beiersdorfer, P., et al. Astrophys. J. Lett., 549, 1.147 — 1150 (2001).

32. Beiersdorfer, P., et al. Science, 300, 1558—-1559 (2003).

33. Beiersdorfer, P., et al. Phys. Rev. Lett., 85, 5090 (2000).

RN W



Drmaversity of Calif ornia
Lawrenos Livermore Mational Laborat ooy
Technical Information Department

Livermore, A4 94551






